The tunnel defect formed in friction stir weld would dramatically push the mechanical properties of joints into deterioration. In this study, friction stir welding process was adopted to repair the joints of 7N01 aluminum alloy with tunnel defect. The effects of friction stir repair welding process on the microstructure and mechanical properties were comprehensively investigated. Microstructure of the repaired joints shows that the grain size in nugget zone decreases slightly while the recrystallization in the retreating side of thermo-mechanically affected zone is intensified as the joints are repaired. The microhardness of the repaired joints declined slightly compared with the defective joint. However, the yield strength and tensile strength increase and recover to the values of the joints free of defect. The longitudinal residual stress in weld zone increased remarkably as the repair times increase. Compared with the once repaired joint, yield strength and tensile strength of the twice repaired joint reduced slightly, and the throat thickness also reduced during the repeated repair welding process. Therefore, the times of repair welding applied should be limited actually.
Introduction
As a new developing promising solid state welding process in recent years [1, 2] , friction stir welding (FSW) is characterized by the high welding quality, low production cost and low distortion, which can be utilized to weld some materials that are difficult to fusion weld [3, 4] . However, as its ever application in practice, defects caused by improper welding parameters or unsatisfied technological conditions were unwillingly and inevitably appeared during FSW process, which would compromise its effectiveness [5] [6] [7] [8] [9] . So, it is necessary to analyze and repair the defects.
During the FSW process, different locations of materials would undergo distinct thermodynamic histories [10] [11] [12] . For the top of the joint, it tends to be in good quality due to its synchronous experience of stirring and friction. For the middle of the joint, it is stirred by rotation tool and showed the least heat dissipation, which is qualified for mechanical properties. In contrast, the bottom of the joint undergoes the least thermodynamic effect and the most heat dissipation, which easily leads to much more defects, such as the tunnel defect [13, 14] .
Once defect occurs during FSW process, the joints would suffer from collapse if lack of repair welding. So, it is necessary to carry out repair welding accordingly. For example, Katsas et al. [15] experimented that the repair welding specimens presented favorable in the bending tests. About the volume defect in FSW welds, Liu et al. [16] considered that the groove defect could be removed by FSW repair welding. Rosen et al. [17] used FSW to repair voids in aluminum alloy and sturdy repaired joint was obtained. But as to the tunnel defect which is more harmful to mechanical properties [18] , there is no publications about its repair welding so far. In this study, FSW is elaborately adopted to repair the tunnel defect formed in the bottom of FSW welds. Meanwhile, the microstructures and mechanical properties of both original and repaired joints are comprehensively investigated.
Experiment Materials
The base metal for utility is a 7N01-T4 aluminum alloy plate with a thickness of 6 mm. And its chemical compositions are listed in Table 1 . The plates were cut and machined into rectangular welding samples of 1000 mm in length and 150 mm in width. After cleaned by an angle grinder, the samples were welded and repair-welded using a FSW machine (MTI America). The welding stir-pin was designated as a frustum contour with right-handed threads of 5.8 mm in length.
Welding and repair welding
The original butt-welded joints in longitude with tunnel defect were obtained using the specific technological parameters presented in Table 2 . Afterwards, two defective joints were repaired based on the FSW repairing parameters in Table 2 . One of the joints underwent FSW repair welding once, meanwhile, the other one underwent repeated repair welding twice. So, three sorts of joints were available to investigate, including the original joint with tunnel defect, the joints repaired once and twice.
Analytical tests
All the joints were cut from cross-section (perpendicular to the welding direction) using electrical-discharge cutting machine (DK7725/1-A, China). The metallographic specimens were polished on a disc polishing machine with different grades of emery paper and a polishing compound, and then etched with a color metallographic technique. Zeiss metallurgical microscope (Axiovert. Al, Germany) was adopted to observe the microstructure of nugget zone (NZ) and thermo-mechanically affected zone (TMAZ) of the joints. The testing samples in size of 100 × 20 × 6 mm were polished and measured using a Vickers microhardness testing machine (TMVS-1, China) with a load of 500 g, a duration time of 10 s and a distance between the adjacent points of 1 mm. Electronic-tensile tester (Zwick/Roell Z600E, Germany) was used to test the tensile specimens.
Scanning electron microscope (Zeiss Ultra 55, Germany) took over for using to observe the fracture morphology. Triplex bending tester (WZW-3000, Germany) was employed to evaluate the bending specimens by face and root bend test. The longitudinal residual stress was measured using ultrasonic method based on the principle that the velocity of longitudinal critically refracted (LCR) wave was changed due to the residual stress [19] [20] [21] . The residual stress in both top and bottom surface with a adjacent measuring points of 5 mm was measured.
Results and discussion

Macro and microstructures of the joints
Typical cross-section of the original joints with tunnel defect and corresponding repaired joints with the retreating side (RS) and the advancing side (AS) are shown in Figure 1 . When improper process parameters were employed, the plasticized material failed to refill to the back surface of the joints. Then, a continuously distributing tunnel defect was forming with a diameter of more than 2 mm at the distance of 2 mm from the bottom surface of the joint. After the once repair welding, the tunnel defect tended to disappear. Further one more repair welding was conducted on the joint. The width of the nugget zone turn to increase by 1 mm and 2 mm, compared with the once repaired joint and the original joint respectively. However, the throat thickness of the once repaired joint and the twice repaired joint is decreased by 0.1 mm and 0.4 mm respectively, compared with the original joint.
Representative micrographs of defective joint and two repaired joints show the gain structure in the center of nugget zone. The average size of equiaxed grain in nugget zone tends to decrease slightly (Figure 2(a)-(c) ) on the increasing times of repair welding. It might be attributed to the effective repair welding, in which the grain in nugget zone was stirred and heated uniformly by the high-speed spinning stir-pin. Also, the microstructure of TMAZ for the three joints are investigated. As shown in Figure 2 (d)-(f), recrystallization occurs on the RS after repair welding, compared with the original joint. However, there is no significant change on the AS.
Microhardness of the joints
Microhardness of the joints was measured according to the condition of schematic diagram shown in Figure 3 , in which the selected two lines for determining hardness values at the cross-section were located at a distance of 2 mm from the top and the bottom surfaces respectively. The microhardness profiles of original and two repaired joints are showed in Figure 4 . It turn out that microhardness of the once repair joint decrease slightly compared with the original joint. However, microhardness of the twice repaired joint increase slightly compared with the once. Generally speaking, microhardness of 7N01 aluminum joints is relevant to the sequence of precipitating phase.
For the original joint, the main strengthening phases are GP zones, in which microhardness points at 115 HV. During the once repair welding processes, part of GP zones would dissolve，thus, their microhardness would decrease to 110HV. Meanwhile, microhardness of the twice repaired joint would climb slightly into 112HV because part of strengthening phases reform into metastable phaseη＇ [22, 23] . However, the grain size (as shown in Figure 2 (c), (f) would decrease after the repair welding, which might contribute to the increase of hardness of the twice repaired joints.
Tensile properties of joints
Tensile testing results of the original joints and two repaired joints are summarized in Table 3 . It is surprisingly found that both of the yield strength (Rp 0.2 ) and tensile strength increase on the sequence of repair welding times. For example, in terms of tensile strength, it is The yield strength improve to 240.3 MPa and 237.2 MPa, increased by 52% and 50% compared with that of the original joint (158.6 MPa). So, it could be seen that the repair welding is applicable to the joints with tunnel defect.
Fracture morphology of the joints
To good understanding of failure patterns, the fracture morphology of joints after tensile test was analyzed by SEM ( Figure 5 ). Seeing SEM photos of the original joint in a macroscopic scale ( Figure 5(a) ), it is presented in a periodic "spiral" form, which might be determined by the rotating of stir-pin and the flowing of plasticized fluid.
At a higher magnification of SEM morphology, the fractographic features of the original and repaired joints are observed and compared ( Figure 5(b)-(d) ). For the once or twice repaired joints, the fracture morphology shows a mixed mode including intergranular fracture and shear fracture. Especially, the fracture appears to more seriously delamination after repair welding. Comprehensively taking the fracture morphology, metallographic structure, and tensile properties into consideration, more times of repair welding would compromise the microstructure of the joints. So, it is highly important to limit the times of repair welding
Bending properties of the joints
Four specimens with 6 mm in thickness were chosen from once and twice repaired joints for face bending test and root bending test respectively to evaluate the plasticity of joints. The digital photos of specimens which have experimented for bend testing are presented in Figure 6 . Figure 6(a)-(b) show that plastic bending is approved in once repaired joints. However, a slight crack extended 16 mm in length appear in root bending test after the twice repair welding (Figure 6(d) ) compared with the 20 mm width of samples, which demonstrating that repeated repair welding might weaken the plasticity of the joint. 
Residual stress of the joints
The longitudinal residual stress of joints was also tested. As shown in Figure 7 , the residual stress in the top surface near weld zone raise up into 130 MPa after once repair welding and climbed into 200 MPa after twice repair welding, increase by 117% and 233% respectively compared with the original joint (60 MPa). A similar trend of residual stress comes to the bottom surface of the joints (Figure 7(b) ). The fact that the residual stress near weld zone increase remarkably after repair welding, which might be determined by the undergone thermal stir by stir-pin, in which the restraint intensity of joints enhanced. It is further proved that multiple repair welding should be avoided.
Conclusions
According to the obtained results, the following conclusions can be summarized: (a) FSW is a suitable method for repair 7N01 aluminum FSW joints with tunnel defect. However, the times of repair welding applied should be limited actually. (b) During the repair welding processes, the widths of joints increase significantly and the throat thickness reduces gradually. Meanwhile, the grain sizes decline slightly and present recrystallization on the retreating side of TMAZ after the repair welding. (c) The microhardness of the joints declines slightly after repair welding. Tensile properties of joint increase remarkably after the repair welding, but the tensile properties of twice repaired joint decrease slightly than the once repaired. Meanwhile, the tensile fracture morphology appears to be more seriously in delamination and the plasticity of the joints declines after repair welding. (d) The longitudinal residual stress near weld zone increases remarkably after repair welding, which appears a more remarkable increase in twice repair welding. 
